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MoQ,/AlLO; catalysts (0.5-13 wt% MoOQO;) were activated for the metathesis of propene by
thermal treatment in flowing inert gas and by reduction in H; (reaction conditions: 473 K, 0.1 MPa).
Temperatures between 900 and 1140 K were applied for the activation of the catalysts in inert
atmosphere. The activity of the supported Mo (molecules s~' Mo ') increased with decreasing
MoO; content, which is opposite to the well-known trends for the reducibility of Mo(V1)/Al,O;.
The kinetic reaction order of the propene metathesis was found to be 0.8 at 473 K. The apparent
activation energy was 30-37 kJ/mole, with a slight decrease at increasing MoO; content. The
response of the activity to the extent of reduction was investigated at different reduction tempera-
tures and MoQ; contents. From these observations and the results of the thermal activation study,
it has been concluded that the active sites of metathesis can be formed from both Mo(VI)
and Mo(IV) precursors. These precursors coexist on reduced surfaces, while the activity attained
after thermal activation in inert gas is due exclusively to sites originating from Mo(VI) species.

Other Mo states (Mo(V), Mo(II), and Mo(0)) do not contribute to the metathesis activity.
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INTRODUCTION

In the recent literature, the development
of the metathesis activity of supported mo-
lybdena and tungsten oxide has been as-
cribed to active sites originating from sur-
face compounds in which the metal is in the
+4 oxidation state. This conclusion has
been drawn most convincingly from inves-
tigations with model catalysts prepared via
the fixation of organometallic complexes (/,
2) and with photoreduced Mo/SiO; (3).
Several possible pathways for the forma-
tion of the active carbene sites from Mo(1V)
(W(IV)) precursor species have been pro-
posed (2, 4). With the model catalysts men-
tioned above, a route involving the abstrac-
tion of a vinyl hydrogen by the central Mo
ion has been substantiated by isotopic
methods (2, 5).

For more conventional catalysts the situ-
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ation is less clear. Certainly, the reduction
of the catalyst (with subsequent removal of
adsorbed hydrogen (6)) has been frequently
found to favor the metathesis reaction (6—
9), and a relation between the reducibility
of the hexavalent Mo (or W) ion on a sup-
port surface and the metathesis activity of
the corresponding catalyst has been estab-
lished (10, 11). To a considerable extent,
this relation is based on the observation
that alumina-supported catalysts with a
small metal oxide content, the reducibility
of which is very low, exhibited inferior me-
tathesis activities (/7).

On the other hand, some metathesis ac-
tivity is also often found with unreduced
catalysts (6, 8, 9) and there is a report on a
situation where no influence of the reduc-
tion degree on the metathesis activity was
detected (/12). For Mo/TiO; systems, the
average oxidation number of the most ac-
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tive surfaces was found to be considerably
higher than +4; more extensive reduction
caused a drastic loss of activity (I3). This
evidence may suggest the existence of a
second active site precursor, the oxidation
state of which is higher than +4. In the
past, Mo(V) species were repeatedly con-
sidered to be involved in the metathesis
sites (9, 14). Mo(VI) was proposed to be the
active site precursor in an activation pro-
cess where the metathesis reaction is initi-
ated by the treatment of an oxidized MoO,/
ALO; catalyst with olefin at room
temperature (I5a). However, in a subse-
quent paper the same authors considered a
slight reduction of the surface, which is in-
dicated by the emergence of a Mo(V) EPR
signal, to be also essential for the activation
(15b). In the remaining literature, the hex-
avalent state has been almost completely
discarded from the discussion (except for
photocatalytic metathesis processes (/6,
17)) although it is assumed to be relevant in
the precursors of homogeneous metathesis
catalysts (J8, 19) and its potential role in
the formation of active sites has been pro-
posed on the basis of theoretical studies
(20).

In our former work on the metathesis ac-
tivity of alumina-supported WO; we found
that on surfaces activated by thermal treat-
ment in inert gas the active sites are formed
from precursor structures containing tung-
sten in the +6 state (27). It was shown that
this does not contradict the literature that
proves the relevance of tetravalent active
site precursors. Indeed, reduction of sam-
ples under conditions that allow the detec-
tion of W(IV) on the surface by XPS led to
the development of an activity contribution
in excess of the level provided by activation
in inert gas (21, 22). The aim of the study
reported in this paper was to supply analo-
gous evidence for MoQ,/ALO; catalysts.

In this investigation we were faced with a
situation different from that in the tungsten
systems, as the reduction of MoOs/Al,04
catalysts is known to start at relatively low
temperatures yielding a variety of reduced
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Mo states. In part I of this work (23), an
XPS investigation of the surface of MoO;/
ALO; catalysts after treatments normally
used to activate them for the metathesis re-
action has been reported. It was found that
during thermal treatment in flowing inert
gas, part of Mo(VI) initially present on the
surface undergoes reduction to Mo(V). The
XPS spectra suggested a slightly increasing
extent of this reduction when the MoO;
content increased from 4 to 13 wt%. After
reduction in hydrogen, the surface of
Mo0Qs/Al, O3 catalysts was shown to con-
tain Mo(VI), Mo(V), Mo(I1V), Mo(1I), and,
above 900 K, Mo(0). For a wide range of
reduction conditions, distributions of these
Mo states that deviate from those known
from the literature due to the application of
a recently derived modified relation be-
tween Mo binding energies and oxidation
states (24) were determined. Thermal treat-
ment of a reduced surface in flowing inert
gas at 973 K led to a partial reoxidation of
the surface, probably by residual OH
groups, which was not reversed by read-
sorption of hydrogen at 823 K.

EXPERIMENTAL

1. Materials. The catalysts (0.5-13 wt%
Mo0O;/ALLO;) were identical with those
used in part I (23). They were prepared by
impregnation of y-AlLO; (Leuna-Werke,
Leuna, Germany, BET surface area =260
m?/g) with solutions of MoO; in NH,OH
(pH = 8) by the incipient wetness tech-
nique. After drying at 400 K and calcination
at 823 K they were stored in air prior to use.
In Table 1, the MoO; content of these cata-
lysts is resumed and the code used to de-

TABLE 1

Mo0O;/ Al O; Catalysts Investigated: MoO; Contents
and Sample Codes

Catalyst Mo0.5 Mol Mo2 Mo4 Mo7 Mol3

wt% MoOy* 045 1.1 1.8 45 74 129

¢ Determined by electron microprobe analysis.
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note the samples is illustrated. For further
information, the reader is referred to part 1
of this research (23). The highest MoO,
content employed is well below the mono-
layer capacity of the alumina, which is =20
wt% MoQO;.

H,, Ar, and propene from cylinders were
deoxygenated over MnO/AlO;, dried over
Mg(ClOy);, and repurified by an oxygen
trap MnO/AlO,) at the entrance of the re-
actor. The propene (Séchsische Ole-
finwerke Bohlen, Germany) contained 0.07
vol% propane and 0.03 vol% ethene. The
air used for the regeneration of the catalysts
between the catalytic runs was dried over a
Zeosorb 4A molecular sieve.

2. Reaction procedure. The propene me-
tathesis was studied in a conventional flow
reactor at atmospheric pressure and at 473
K if not stated otherwise (‘‘standard condi-
tions”’). The reaction procedure has been
outlined in detail elsewhere (21). Prior to
every run, the catalysts (0.15-1 g, particle
size 0.4-0.8 mm) were recalcined (or regen-
erated) in air at 823 K for 2 h before they
were heated in Ar (6 liters/h) to the temper-
ature of activation. When the activation
was to be performed in an inert atmosphere
the samples were cooled to the reaction
temperature after 2 h of exposure to flowing
Ar at the activation temperature. Subse-
quently, propene (undiluted if not stated
otherwise) was charged. As in the case of
WOs/Al,O5 catalysts (21), neither an induc-
tion period (first conversion measurement
after =5 min time-on-stream) nor any deac-
tivation in the course of 3 h time-on-stream
could be observed. Normally, the effluent
was sampled after 30 min time-on-stream.

In the activation with hydrogen, fresh
portions of catalyst recalcined in air at 823
K for 2 h were heated in Ar to the reduction
temperature and reduced in flowing hydro-
gen. After the reduction, hydrogen retained
on the surface had to be stripped off from
the catalyst ((6), cf. Results section). Ow-
ing to limited vacuum facilities in one of the
participating laboratories this stripping was
performed by treating the samples in flow-
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ing Ar for 2 h at 973 K (in some cases 923
K). Subsequently, the catalysts were
cooled to the reaction temperature of 473 K
in the Ar flow, a propene/N; mixture (=5
vol% propene) was charged, and the efflu-
ent was analyzed after 30 min time-on-
stream. In series with varying reduction
time every reduction period was investi-
gated with a fresh sample.

The reaction products were analyzed by
GC (50 m x 0.25 mm polydimethylsiloxane-
fused silica capillary column at room tem-
perature). Testing the CO, content of the
effluent air during the regeneration of the
catalysts showed that the quantity of the
carbonaceous residue corresponded to a
propene conversion in the order of (0.001
(0.1%). The carbonaceous residue has,
therefore, not been analyzed in these ex-
periments.

For reasons that have not yet been fully
elucidated, the reproducibility of metathe-
sis activities measured with MoQs/ALO;
catalysts after activation in an inert atmo-
sphere was much lower than that with
WO;/AlLO; catalysts. Sometimes series
were obtained differing from each other in
the activity level by 30-40%, but having the
same graduation between the different cata-
lysts. An example is included in Fig. 3.
With the Mo13 catalyst, these effects were
found to be most pronounced and, eventu-
ally, the catalyst failed to exhibit any me-
tathesis activity. We believe that the reason
for this trouble, which affects the absolute
activities but not the trends discussed in
this paper, is that molybdena-based me-
tathesis catalysts are possibly even more
easily poisoned by oxygen traces in the
gases or mobile oxygen on the surface than
WO3/Al, 05 catalysts (21). The reason why
highly loaded MoQ3/Al, 05 catalysts suffer
from this to a larger extent may be that the
species capable of forming active sites con-
stitute a particularly small fraction of the
Mo component in them (vide infra).

3. Presentation of metathesis data. The
metathesis reaction proved to be highly se-
lective under our reaction conditions. At a
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reaction temperature of 473 K, products
other than C,~C, olefins (propane, Cs ole-
fins) amounted to less than 0.2% of the total
of hydrocarbons and even at reaction tem-
peratures up to 673 K these consecutive or
by-products could be neglected. The bu-
tene—ethene ratio was averaged over 130
runs at 0.99 + 0.01. The ratio between bu-
tene-(1) and the sum of cis- and trans-bu-
tene-(2) was not at equilibrium at 473 K
(0.02-0.08 compared with 0.12, as esti-
mated from data in (25)). Below 423 K, bu-
tene-(1) was not observed in most of the
runs. The equilibrium of butene isomeriza-
tion was attained at 573 K (see also (21)).

In the following, activities are compared
using conversions x (or 100x, %) for con-
stant volumetric flow rates per kilogram of
catalyst (b) or an initial reaction rate re-
ferred to the Mo content of the sample. The
latter, which has a unit of ‘‘mole propene
converted per second and mole Mo,” or
s~}, is equivalent to a turnover frequency
(TOF) provided that all of the molybdenum
present takes part in the reaction. Although
this is certainly not the case, this “‘initial
reaction rate per Mo’’ will be abbreviated
as a TOF throughout this paper for the sake
of brevity. The initial rates were evaluated
using the kinetic rate law observed (see Eq.
(1), m = g = 0.8) for extrapolation to differ-
ential conversions.

The thermal activation of the catalysts
with low MoOs content causes a consider-
able loss of the internal support surface
area (see Table 1 of part I (23)). In the case
of analogous WOs/Al,Os catalysts (21), this
loss of surface area was not relevant to the
evaluation of the kinetic data as the tung-
state phase remained segregated during the
thermal degradation of the pore system
(26). For molybdena catalysts an evidence
like this is not available. High calcination
temperatures may lead to the formation of
Al, (MoOy); (27) or to Mo losses (28). Pre-
liminary XPS results from such samples
indicate a decrease of the relative Mo
intensity (29); i.e., the main effect of high-
temperature calcination should be a de-
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crease in the amount of accessible Mo in
these cases. Because a consideration of this
effect would not alter the conclusions
drawn in this paper, the activity data were
referred to the Mo contents of the samples
determined after calcination at 823 K (Ta-
ble 1).

RESULTS
Thermal Activation in Ar

1. Optimum activation conditions. In
Fig. 1, the influence of the activation tem-
perature on the propene conversion mea-
sured under standard reaction conditions is
presented. The volumetric flow rates of
propene are constant for each sample and
are given in the legend. It can be seen that
an increase of the activation temperature
drastically improves the metathesis activ-
ity, especially at low Mo content. While
this is quite similar to the observations
made with WO3/Al,O; catalysts, there is no
parallel in the behavior of the correspond-
ing tungsten systems (27) with regard to the
significant loss of activity upon the applica-
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Fig. 1. Activation of MoQ;/Al,O; catalysts in flow-
ing Ar: Dependence of the activity on the activation
temperature. Reaction temperature 473 K; P = 0.1
MPa; feed gas, 100 vol% propene, activity given as
propene conversion at constant volumetric flow rate
per kilogram catalyst: (X) Mol, b =40m3*kg'h'; (A)
Mo2,b=50m kg 'h ', (O)Mo4, b =90 m3kg 'h};
(®) Mo7,b=90m?*kg ' h~!; ((J) Mo13 b = 60 m3 kg™!
h-1.
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Fig. 2. Activation of MoOj/Al;O; catalysts in flow-
ing Ar: Dependence of the turnover frequency (TOF)
on the MoO; content. Reaction conditions as in Fig. 1.
Feed gas, 5-100 vol% propene in N,. Curves: (1) max-
imum activity, range of activation temperatures, and
number of runs inserted for each temperature (vertical
bars indicate standard deviation); (2) activation at 900
K; (3) activation at 820 K. Vertical bars:

sm = [Z; (TOF — (TOF);)¥(n(n — 1))]".

For the evaluation of the TOF, which is related to the
whole of Mo present, see Section 3 under Experimen-
tal.

tion of too high temperatures to Mo4, Mo7,
and Mo13. For these molybdena catalysts,
an optimum activation effect is obtained in
a temperature range that only slightly de-
pends on the Mo content (see also Fig. 2).
For catalysts with MoO; contents below
4 wt%, temperatures above 1000 K are re-
quired to develop the metathesis activity of
the surfaces. Obviously, activation at too
low temperatures was the reason why other
authors have considered these catalysts to
be practically inactive (/7). In the range of
low Mo content, an activity loss resulting
from too high pretreatment temperatures
could not be unambiguously stated. These
catalysts reach their full activity at activa-
tion temperatures that are already deleteri-
ous for catalysts with higher Mo content.
In Fig. 2, the TOFs (referred to the total
of Mo) obtained under standard reaction
conditions after thermal activation in flow-
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ing Ar are plotted versus the MoOs content
of the catalysts. The range of activation
temperatures from which the data have
been summarized and the number of runs
included are also given. The vertical bars
indicate standard deviations of the mean
values (see formula given in the legend).
The results resemble the earlier findings
with WO,/ALO; catalysts (27): The TOF
drops with increasing MoOs content. Insuf-
ficient activation temperatures (curves 2
and 3) result in a reverse tendency and feign
a correlation with the reduciblity of the cat-
alyst.

2. Kinetic aspects. The reaction order of
propene has been investigated for the fully
activated state by applying propene, which
was diluted by N, to different initial con-
centrations (down to =5 vol%), at a con-
stant feed rate. If the reaction rate r (mole
kg=' h~!) can be expressed as

r = ki{cop (1 — x))"

- k_1(05 Co.p X)q, (1)

where

ki, k- ,—rate constants of the metathesis
and the reverse reaction, units depending
on m and g,

m, g—reaction orders of metathesis and
reverse reaction,

cop—initial propene concentration, mole
m3,

x—conversion ((cop — cp)/cop),
a logarithmic plot of the reaction rate ver-
sus the propene concentration for small
conversions should produce straight lines,
from which the reaction order m may be
calculated. Figure 3 shows, with a some-
what extended range of conversions (x <
0.12), that this is indeed the case, i.e., that
the kinetics of the metathesis can be de-
scribed by a power law for our catalysts and
the conditions employed. However, in con-
trast to the results obtained with WO,/
Al,O4 (21), the reaction order deviates from
1 and it is =0.8 in all cases. The rate con-
stants estimated from these plots are indi-
cated by arrows in Fig. 3. An example of
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Fig. 3. Determination of the propene reaction order
m for activated MoQO,/Al,O; catalysts. Activation as
indicated in Fig. 2, curve 1; for mathematical formal-
ism see text. Reaction temperature, 473 K; P = 0.1
MPa; feed gas, 5-100 vol% propene in N, ; conversion,
x =< 0.12. (A) Mol, b = 60 m?> kg~' h™1; (O) Mo4, b =
380 m*kg~'h~!; (@, @) Mo7, b =280 m* kg~ h~%; (O0)
Mol3, b =250 m* kg"' h~L.

series with differing basis activity (see Ex-
perimental) is also given in this figure
(Mo7).

Applying the kinetic description of the
equilibrium

ki(cop (1 — x))™ = k_y (0.5 cop x)

and introducing the volumetric flow rate b,
Eq. (1) may be transformed to

(= e )

_ ki CO.p
==

«©

(91 — x)" — x9(1 — x)™),

which yields by integration

1) = jx dx

0 x4(1 — x)" — x9(1 — x )"
=Kk b1 C(),pm_1 X2 (2)

In Eq. (2), the integral I(x) was evaluated
numerically for several g (0.6 < g = 1.0),
applying values for x. estimated from ther-
modynamic data as described in (21) (x= =
0.4 for 473 K; for other temperatures see
Fig. 4). These data may be used in several
ways. First, the experimental propene con-
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versions may be employed, together with
the rate constants k; drawn from Fig. 3 (for
x = 0.12), to estimate the order of the re-
verse reaction. This is, however, a rather
rough estimation as meaningful results may
be expected only at high conversions (e.g.,
x = 0.2), where, on the other hand, the
quality of the estimate of x.. becomes criti-
cal. Within the limits of series with identical
basis activity (see, e.g., Fig. 3—the two se-
ries for Mo7), g was strongly scattering but
fell into the range of 0.65-0.95. The value
of g = 0.8 was used for further calculations.

In these calculations, the rate constant k;
was computed from the conversion data
and the integral I(x; m = g = 0.8) for the
whole range of conversions (0.03 < x <
0.25) and initial propene concentrations (5-
100 vol%), including runs with varied reac-
tion temperatures (vide infra). It was found
that ¢ has only a minor influence on the k;
values: Thus, at a conversion of x = (.25
(x. = 0.4), k; drops only by =10% when q is
increased from 0.6 to 0.8. The more rele-
vant values of k;, which are also the basis
of Fig. 2, are given in Table 2.

In Fig. 4, the temperature dependence of
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Fig. 4. Temperature dependence of the rate constant
of the propene metathesis over MoO;/Al,O; catalysts.
P = 0.1 MPa;, feed gas, 100 vol% propene; conversion,
0.03 = x = 0.25; k; given in mole®? m?* kg=! h=1. (V)
Mo0.5; (X) Mol; (A, A) Mo2, different series; (O, ©)
Mod, different series; (@) Mo7; (x..) equilibrium con-
version used for the evaluation of k.
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TABLE 2

Rate Constants, k;, Apparent Activation Energies, E,, and Reaction Rates at 473 K, ry;,
of the Propene Metathesis over MoQs/Al,O; Catalysts
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Catalysts Tact k; at 473 K E, rant
(K) (mole®2 m24 kg=! h™!)e (373-523 K) (mole kg~' h™Y)
(kJ/mole)
Mo0.5 1143 4.9 37.1 66
Mol 1093 15.7 34.7 203
Mo2 1043-1093 18.6 35.0 250
Mo4 973-1043 39.0 32.2 525
Mo7 923-973 46.5 30.2 625
Moli3 898-973 36.2 — 490

@ Unit of the rate constant in Eq. (1) for a reaction order m = 0.8.
b At P = 0.1 MPa, feed gas, 100 vol% propene.

the metathesis rate constant is presented.
The runs were performed as described pre-
viously (21); i.e., at a constant feed rate a
series of reaction product samples was
withdrawn while the catalyst underwent a
specified temperature program with a 15-
min isothermal period at every reaction
temperature selected. It was assumed that
the kinetics do not change in the tempera-
ture range around 473 K.

The In k; vs T~! relationship is linear be-
tween 370 and 530 K. At higher tempera-
tures the rate constants go through a maxi-
mum and then decrease drastically. As
shown in the figure, the runs were not re-
producible in the region of this decrease al-
though they were in the 370-530 K range.
The reason for this is not known. At com-
parable temperatures the activities of the
MoO;/ALO; catalysts are in the same order
of magnitude as those of WO0,/Al,O; cata-
lysts with the same metal oxide loading.
The apparent activation energies, which are
compiled in Table 2, exhibit only a very
slight decrease with increasing MoO; con-
tent, which is in contrast to the pronounced
effect of the metal oxide content observed
with WO5/AlLO; catalysts (21).

Activation by Reduction in Hydrogen

It has been reported in the literature that
reduced MoOs/Al,O; catalysts become ac-

tive for metathesis only after hydrogen re-
tained by the surface is removed by an
evacuation at the temperature of reduction
(6). In our work, a thermal treatment in in-
ert gas was employed to desorb hydrogen
from the catalyst. Table 3 shows that a de-
sorption temperature of 923 K is sufficient
to bring out the activity of the reduced sur-
face (runs 2, 3). As reported in (6), flushing
the activated catalyst with hydrogen at

TABLE 3

Influence of Adsorbed Hydrogen on the Metathesis
Activity of a Reduced MoQ,/AlLO; Catalyst

Run Pretreatment Conversion
(100x)
(%)
1 2hAr923K 12
2  2hAr, 923K + 30 min H,,
773 K 1
3 2hAr, 923 K + 30 min H,, 773
K + 2h Ar, 923 K 16

4 2hAr, 923 K + 30 min H,, 773

K + 2h Ar, 923 K + 15 min

H,, 298 K 16
5 2hAr, 923 K + 30 min H,, 773

K + 2h Ar, 923 K + 5 min

H,, 773 K 1

Note. Sample, Mo7. Volumetric flow rate per kg of
catalyst, 128 m? kg~! h~!; reaction temperature, 473 K;
feed gas, 10 vol% propene in N,.
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Fig. 5. Activation of a 7 wt% Mo0O,/Al,0; catalysts
for propene metathesis by reduction in H, at different
temperatures (including a subsequent Ar treatment for
2 h at 973 K for desorption of hydrogen; see text).
Reaction temperature, 473 K; P = 0.1 MPa; activity
given as propene conversion at constant volumetric
flow rate per kg of catalyst (107 m? kg~! h~1); feed gas,
5.3 vol% propene in N, . ZZZZZ., activity obtained after
activation in inert gas (7,,: 973 K); _._O_._, activation
in H, at 673 K; ___0O._, activation in H, at 773 K,
—@—, activation in H, at 823 K; _.._&_.._, activation
in H, at 900 K; @, activation in H, at 973 K.

room temperature does not impair the ac-
tivity (run 4), while a short contact of the
surface with H, at 773 K (run 5) quenches
the activity effectively. It should be noted
that the activity of a catalyst containing hy-
drogen adsorbed at high temperature is far
below the level obtained by a mere thermal
treatment in inert gas.

The response of the metathesis activity
to the conditions of catalyst reduction de-
pended on the Mo content. Figure 5 shows
the development of the metathesis activity
with increasing time of reduction at differ-
ent reduction temperatures for the catalyst
Mo7. The activity, measured under stan-
dard reaction conditions (cf. Experimen-
tal), is reported as propene conversion at
constant volumetric flow rate. The shaded
region indicates the activity obtained by
thermal activation in Ar with typical mar-
gins of experimental error. Depending on
the reduction temperature, the effect of the
hydrogen treatment on the metathesis ac-
tivity is different. Below 823 K, the reduc-
tion has a slightly promoting effect, but
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above 823 K significant losses in activity
are obvious. At a reduction temperature of
823 K, the metathesis activity did not de-
pend on the reduction time at all. With
Mo4, the same response of the metathesis
activity to the reduction conditions was
found. This response is probably typical for
catalysts with low MoO; content (cf. Dis-
cussion).

At a high MoO; content (Mo13, Fig. 6)
the activating effect of the hydrogen treat-
ment becomes more pronounced. With in-
creasing reduction time, activity maxima
are found at reduction temperatures of 773
and 823 K. While at the latter temperature
the maximum seems to be at a reduction
time of even less than 15 min, which was
the shortest period studied, the 773 K curve
shows a delayed increase in activity with
increasing reduction time. This effect has
been confirmed at the reduction tempera-
ture of 673 K. At this temperature, the ac-
tivity increased only after a period of 40
min, in which no significant changes of the
propene conversion were found. By anal-
ogy to Mo7, reduction of Mo13 at tempera-
tures above 823 K leads to a loss of me-
tathesis activity.

100x,% |
15 / ™
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{500k

Il 1
90 t,min 120
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Fig. 6. Activation of a 13 wt% MoQ,/AlL,O; catalyst
for propene metathesis by reduction H, at different
temperatures (including a subsequent Ar treatment for
2 h at 973 K for desorption of hydrogen; see text).
Reaction temperature, 473 K; P = 0.1 MPa; activity
given as propene conversion at constant volumetric
flow rate per kg of catalyst (71 m? kg~! h™'), feed gas,
4.5 vol% propene in N,. For meaning of symbols see
Fig. 5 legend.
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DISCUSSION

1. Thermal activation in Ar. The activa-
tion behavior of MoO;/Al,O; catalysts and
the metathesis kinetics over them exhibit
analogies as well as some characteristic dif-
ferences to the corresponding tungsten cat-
alysts. In both systems thermal treatment
in flowing inert gas is an effective activation
procedure. Different from the tungsten sys-
tem, Mo catalysts do not tolerate tempera-
tures in excess of an optimum value. In
both cases the catalysts with the lowest
metal oxide content require the highest ac-
tivation temperatures. The TOF (related to
the whole of the metal present) increases
with decreasing metal oxide loading thus
being highest for the catalysts with the low-
est reducibility (22, 23, 27).

The kinetic reaction order of the propene
metathesis is 1 over WO3/ALO; at 573 K
(21), but 0.8 for MoO,/ALO; at 473 K. The
proposal that the reaction of an adsorbed
propene molecule with a carbene site is
rate-determining (2) may explain both val-
ues when different exponents are used in
the Freundlich equation to describe the
propene adsorption (1 for W at 573 K, 1.25
for Mo at 473 K). The Freundlich exponent
of 2 reported in (2) for fixed Mo/ALO; cata-
lysts at 273 K suggests that there may be
common reaction kinetics for all three sys-
tems, the differences being due to the tem-
perature dependence of the adsorption ex-
ponent. More work is, however, necessary
to clarify this point. The latter proposal
contradicts to some extent the assumptions
according to which the activation energies
have been calculated. The tendencies ob-
served with the activation energies (de-
crease with increasing metal oxide content
with W, only slight variations with Mo)
should not be affected by this.

The analogies described, in particular the
inverse tendencies of reducibility and TOF
in both cases, suggest analogous conclu-
sions concerning the valence and the struc-
ture of the active site precursor in both
Mo0O,/ALO; and W03/ AlLO; catalysts (21).
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This would mean that a hexavalent, proba-
bly tetrahedral precursor species is respon-
sible for the activity of thermally activated
MoOs/AlL O, catalysts. The whole of the
material contains, however, some ambigui-
ties that must be discussed in more detail.

Thus, Mo(V) is present on the active sur-
face to an extent considerably exceeding
that of W(V) on active WO;/AlL,05 surfaces
and, unlike in the case of tungsten (30), the
analysis of the Mo(V) content turned out
not to be straightforward and vyielded large
differences between the results of EPR and
XPS (cf. part I (23)). It should be noted,
however, that with samples treated in Ar at
973 K the moderate decrease of the TOF
with increasing MoQO; content (see Fig. 2)
does not correlate with the tendency of
slightly increasing percentage of Mo(V)
that can be derived from the XPS spectra
and is considered by the authors to be cor-
rect (23). Additional evidence for the irrele-
vance of the Mo(V) state for the metathesis
reaction is given below.

As to the coordination of the Mo(VI) pre-
cursor species, we must refer to a literature
that is much more contradictory than in the
case of tungsten. Many authors favor the
view that tetrahedral molybdate structures
prevail at low metal oxide content, while
patches of octahedral polymeric molybdate
with only a part of the Mo ions interacting
with the support coexist with a minor
amount of the more tightly bound tetrahe-
dral entities at higher loadings (27, 31-33).
On the other hand, there are reports claim-
ing the predominance of octahedral molyb-
dates even at low MoO; content (34-36).
The Mog/Mor ratio may further depend on
the preparation conditions. From this point
of view, we expected a high contribution of
tetrahedral molybdate entities at MoO; con-
tents =2 wt% despite our rather unfavor-
able impregnation technique as the pH was
high (=8) and the solute concentration low
(32, 37, 38). At MoO; contents >7 wt%
clustering of the molybdate phase, which
implies an increasing role of octahedral
structures, has been detected even in the
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rather insensitive XPS intensities (see part I
(23)).

Unfortunately, powerful methods of
structural investigation such as EXAFS or
laser Raman spectroscopy, were not previ-
ously available to us. The UV-VIS spectra
of the catalysts under discussion exhibit a
main absorbance maximum at 215-245 nm
shifting from 230-245 nm (Mo13) to 215-
220 nm (Mo2, Mol) with decreasing MoO;
content, and a shoulder at 270-290 nm (39).
The ratio between these two absorptions
does not appear to change significantly with
decreasing MoOs content. According to the
current views on the assignment of the
charge-transfer bands in this system, sum-
marized in (40), we must consider the exis-
tence of both isolated tetrahedral and clus-
tered octahedral Mo species even at low
MoO; content. It has been questioned,
however, whether the UV-VIS technique
is really able to distinguish between the tet-
rahedral or octahedral coordination of Mo
0X0 species (40).

The view that the Mo(VI) precursor pos-
sesses tetrahedral coordination therefore
needs further substantiation although it is
supported by the analogy with the WO;/
AlLO; system (21) and with tetrahedral
Mo(VI) complexes being precatalysts in ho-
mogeneous metathesis reactions (/8). The
assumption that tetrahedral molybdate
structures may occupy only a minute frac-
tion of the sites on the alumina surface,

0] 0]
N/
Mo
7N\
0] (0]

N I

+ CH2=CH—CH3_—>

O C
N 7
Mo
7N\ / N\
(0] O1l\0
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thus forming a small minority of species
with almost equal interactions with the sup-
port at increasing MoO; content, could ex-
plain an increased susceptibility of MoQO;/
ALO; catalysts to poisoning (cf.
Experimental) as well as the trends ob-
served with the activation energies: The
more pronounced variation of the latter in
the case of tungsten would then reflect the
higher coverage of the alumina surface by
tetrahedral tungstate entities (41).

The activation of the hexavalent molyb-
date precursor may be described by anal-
ogy with that of the corresponding tung-
state entities (21): The thermal treatment
effects a desorption of molecules and sur-
face groups, which may block the coordina-
tion sites of the Mo(VI) species. OH groups
in the vicinity of the Mo(VI) sites are as-
sumed to play the key role. Their stability
against desorption should be increased by
their interaction with the Mo species, in
particular if the latter are isolated. On the
other hand, their removal should be facili-
tated if the Mo species become neighbors
themselves. Thus, the increase of the re-
quired temperatures with decreasing MoO;
content could be explained.

The mechanism of carbene formation
from the hexavalent precursors remains to
be elucidated in the future. A possible route
was proposed earlier by Rappe and God-
dard (20):

H,/O CH—CH;
N 7
Mo + (CH;—CHO)
0 (CH,0)
1 V] l

This route has recently been verified for the
photocatalytic propene metathesis (17).

It may be speculated that the decrease in
activity observed after the application of
too high activation temperatures is due to a

growing extent of the thermal reduction
of Mo(VI) species. We do not stress this
view as other processes (formation of
AL(Mo0,); and sublimation of MoOs) may
proceed in the same temperature range.
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2. Activation by reduction in hydrogen.
In view of the complexity of reduced
Mo0O,/Al,O; surfaces reduced at tempera-
tures of =800 K Mo(VI), Mo(V),
Mo(IV)—isolated or paired, and Mo(II) co-
existing), it seems to be fruitless to look for
any correlation between the quantity of a
particular state and the metathesis activity.
However, the material summarized in Figs.
5 and 6 contains information allowing at
least qualitative assignments.

With the Mo13 catalyst (Fig. 6) four Mo
states can be discerned from their influence
on the metathesis activity in a temperature
range where Mo(0) has not yet been formed
(Trea = 823 K). The first (active) one works
in the thermally activated sample. Its activ-
ity is indicated by the shaded region in Fig.
6. The reduction leads to an increase in ac-
tivity, presumably due to the formation of
additional active site precursors (vide in-
fra). However, this increase is delayed as
can be seen in the curves for T,y = 673 and
773 K. Obviously, an inactive Mo state pre-
cedes the second active Mo state in the
course of the reduction. Moreover, the Mo
state following this second active one is
also inactive, because the activity decays
again with increasing reduction extent.
With the Mo states shown by XPS to be
present on the surface of reduced MoOs/
Al,O5 (23), the following sequence describ-
ing the relevance of Mo states as active site
precursors can be set up:

MO(VI)aclive - MO(V)inaCtive -
MO(IV)is(active)
- [MO(II) and MO(IV)pairs]inactive- (3)

From the development of the activity at 900
and 973 K (Figs. S and 6) it can be con-
cluded that metallic molybdenum does not
form metathesis sites either. Hence, by
analogy with the WO;/Al,O; system (21) we
find both Mo(VI) and isolated Mo(IV)
(Mo(1V);) to be potential precursors of the
metathesis sites. Possible routes of carbene
formation from Mo(IV) precursors have
been discussed in the literature (2, 5).
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Equation (3) is not intended to mean that
all species of the given valency are relevant
for the metathesis reaction. The insignifi-
cant loss of activity within the first 40 min
of the reduction at 673 K (Fig. 6) suggests
rather that the reduction first attacks
Mo(VI) species not involved in the forma-
tion of active sites. It may, of course, be
argued that the constant activity level may
originate from a 1:1 interconversion be-
tween Mo(VI) and Mo(V) precursors of
sites of equal activity. This would imply,
however, that the precursor species in-
clude the most reducible Mo(VI) entities.
The observation that the largest TOF are
exhibited by the catalysts with the lowest
reducibility (Fig. 2) does not favor this
view. Accordingly, the increase in metathe-
sis activity following the first 40-min period
in the reduction at 673 K should not result
from a conversion of Mo(VI) precursor spe-
cies into Mo(IV) precursors, which would
then produce sites of higher intrinsic activ-
ity. More likely, additional precursors are
formed from the more reducible molybdate
structures.

This view is supported by an inspection
of the response of Mo7 to the reductive ac-
tivation (Fig. 5). If the Mo(VI) precursors
were consumed in the first stages of the re-
duction we would expect a pattern similar
to that in Fig. 6 except for a shift to higher
reduction temperatures. This expectation is
based on the observation that the develop-
ment of the distribution between Mo(VI),
Mo(V), and Mo(IV);, with proceeding re-
duction of Mo7 roughly parallels that found
with Mol3 at lower reduction tempera-
tures, which provide differences in the
Mo(II) and Mo(0) states not relevant to me-
tathesis (23). The activity pattern is, how-
ever, quite different, which can be ex-
plained by the fact that the TOF obtained
by thermal treatment is higher with Mo7
than with Mo13. Therefore, while the ef-
fects originating from the Mo states below
+6 are clearly visible on the background of
a low Mo(VI)-derived activity in the case of
Mol3, they are nearly covered by the
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higher Mo(VI)-derived contribution with
catalysts containing =7 wt% MoQO,.

It should be kept in mind that the activi-
ties discussed above can be observed only
when the hydrogen retained on the catalyst
surface is stripped off. They are lost when
hydrogen is readsorbed at temperatures of
about 800 K (Table 3). It has been shown
that this readsorption of hydrogen does not
restore the Mo state distribution obtained
after the reduction (23). Hence, we believe
that the hydrogen affects the metathesis ac-
tivity by blocking the active sites rather
than by changing Mo valencies (42). Re-
markably, the chemisorbed hydrogen
quenches the activity completely, i.e., in-
cluding the Mo(VI)-derived contribution.
This implies that it also interacts with the
hexavalent precursors, which agrees with
earlier observations with WO;/Al,O; cata-
lysts (21).

CONCLUSIONS

MoO;/ALO; catalysts can be activated
for the metathesis of propene by thermal
treatment in flowing inert gas. The activa-
tion temperatures required increase with
decreasing Mo loading from 900 K (=2.3
Mo atoms/nm?) to 1140 K (=0.1 Mo atoms/
nm?). The activity of the supported Mo
(molecules s~! Mo~!) increases with de-
creasing Mo content; i.e., the trend is op-
posing that for the reducibility of these cat-
alysts.

The kinetic reaction order of the propene
metathesis over thermally activated MoO;/
AlLO; was found to be 0.8 at 473 K. The
apparent activation energy was 37-30 kJ/
mole, decreasing slightly with increasing
Mo content.

The metathesis activity has been investi-
gated at different reduction states of the
catalyst surface. It has been concluded that
on the reduced surface active sites may be
formed from coexisting Mo(VI) and Mo(1V)
precursors while Mo(V), Mo(Il), and Mo(0)
do not contribute to the activity. The effect
of the Mo(IV) precursor was most pro-
nounced with a catalyst of high MoO; con-
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tent, but partly covered by a higher
Mo(VI)-derived activity contribution with
catalysts of lower MoO; content. The activ-
ity of catalysts activated by mere thermal
treatment in inert gas originates exclusively
from active sites derived from Mo(V]) pre-
cursors.

REFERENCES

1. Startsev, A. N., Kuznetsov, B. N., and Yerma-
kov, Yu. L., React. Kinet. Catal. Let:. 4, 321
(1976).

2. Iwasawa, Y., Kubo, H., and Hamamura, H., J.
Mol. Catal. 28, 191 (1985).

3. Shelimov, B. N., Elev, L. V., and Kazansky,
V. B., J. Catal. 98, 70 (1986).

4. Ephritikhine, M., Green, M. L. H., and McKen-
zie, R., J. Chem. Soc. Chem. Commun., 619
(1976); Laverty, D. T., Rooney, J. J., and Stew-
ard, A., J. Catal. 45, 110 (1976); Lombardo, E. A.,
Houalla, M., and Hall, W. K., J. Catal. 51, 256
(1978).

5. Elev, I. V., Shelimov, B. N., and Kazansky,
V. B., Kinet. Katal. 28, 409 (1987).

6. Engelhardt, J., J. Mol. Catal. 8, 119 (1980).

7. Nakamura, R., and Echigoya, E., Nipporn Kagaku
Kaisshi 12, 2276 (1972).

8. Engelhardt, J., Goldwasser, J., and Hall, W. K.,
J. Catal. 76, 48 (1982).

9. Giordano, N., Padovan, M., Vaghi, A., Bart,
J. C., and Castellan, A., J. Catal. 38, 1 (1973).

10. Thomas, R., Moulijn, J. A., de Beer, V. H. ], and
Medema, J., J. Mol. Catal. 8, 161 (1980).

11. Thomas, R., and Moulijn, J. A., J. Mol. Catal. 15,
157 (1982).

12. Lombardo, E. A., LoJacono, M., and Hall,
W. K., J. Catal. 64, 150 (1980).

13. Miyahara, K., J. Res. Inst. Catal. Hokkaido Univ.
28, 279 (1980).

14. Kadushin, A. A., Aliev, R. K., Krylov, O. V.,
Andreev, A. A., Edreva-Kardjieva, R. M., and
Shopov, D. M., Kinet. Katal. 23, 276 (1982).

15. (a) Goldwasser, J., Engelhardt, J., and Hall,
W. K., J. Catal. 70, 275 (1981); (b) Engelhardt, J.,
Goldwasser, J., and Hall, W. K., J. Catal. 76, 48
(1982).

16. Anpo, M., Tanahashi, I., and Kubokawa, Y., J.
Chem. Soc. Faraday Trans. 1 78, 2121 (1982).

17. Anpo, M., Kondo, M., Kubokawa, Y., Louis, C.,
and Che, M., J. Chem. Soc. Faraday Trans. I 84,
2771 (1988).

18. Schrock, R. R., Krouse, S. A., Knoll, K., Feld-
man, J., Murdzek, J., and Yang, D. C., J. Mol.
Catal. 46, 243 (1988).



19.

20.

21.

22.

23.

4.

25,

26.

27.

28.

29.

REDUCTION AND METATHESIS ACTIVITY OF MoOs/ALL,O; CATALYSTS, II

Seyferth, K., and Taube, R., J. Mol. Catal. 28, 53
(1985).

Rappe, A. K., and Goddard, W. A., III, J. Am.
Chem. Soc. 104, 448 (1982).

Griinert, W,, Feldhaus, R., Anders, K., Shpiro,
E. S., and Minachev, Kh.M., J. Catal. 120, 444
(1989).

Griinert, W., Shpiro, E. S., Feldhaus, R., Anders,
K., Antoshin, G. V., and Minachev, Kh.M., J.
Catal. 107, 522 (1987).

Grinert, W., Stakheev, A. Yu., Morke, W.,
Feldhaus, R., Anders, K., Shpiro, E. S., and
Minachev, Kh.M., J. Catal. 135, 269 (1992).
Griinert, W., Stakheev, A. Yu., Feldhaus, R., An-
ders, K., Shpiro, E. S., and Minachev, Kh.M., J.
Phys. Chem. 95, 1323 (1991).

Stull, D., R., Westrum, E. F., Jr., and Sinke,
C. G., ““The Chemical Thermodynamics of Or-
ganic Compounds.” Wiley, New York, 1969;
Kapteijn, F., Homburg, E., and Mol, J. C., J.
Chem. Thermodyn. 15, 147 (1983).

Chan, S. S., Wachs, 1. E., Murrell, L. L., and
Dispenziere, N. C., Jr., J. Catal. 92, 1 (1985);
Carver, J. C., Wachs, 1. E., and Murrell, L. L., J.
Catal. 100, 500 (1986).

Zingg, D. S., Makovsky, L. E., Tischer, R. E.,
Brown, F. R., and Hercules, D. M., J. Phys.
Chem. 84, 2898 (1980).

Scheffer, B., van Oers, E. M., Arnoldy, P., de
Beer, V. H. J., and Moulijn, J. A., Appl. Catal.
25, 303 (1986).

Grinert, W., and Stakheev, A. Yu., unpublished
results.

30

31.

32.

33.

4.

35.

36.

37.

38.

39.

40.

41.

42,

299

. Griinert, W., Mérke, W., Feldhaus, R., and An-
ders, K., J. Catal. 117, 485 (1989).

Hall, W. K., in ““The Chemistry and Physics of
Solid Surfaces’’ (R. Vanselow and R. Howe,
Eds.), Vol. VI Springer-Verlag, Berlin/New
York, 1986.

Jeziorowski, H., and Knoézinger, H., J. Phys.
Chem. 83, 1166 (1979).

Knozinger, H., in “‘Proceedings, 9th International
Congress on Catalysis, Calgary, 1988’ (M. J. Phil-
lips and M. Ternan, Eds.), Vol. V, p. 20. Chem.
Institute of Canada, Ottawa, 1988.

Chiu, N. S., Bauer, S. H., and Johnson, M. F. L.,
J. Catal. 89, 226 (1984).

Rodrigo, L., Adnot, L., Roberge, P. C., and Ka-
liaguine, S., J. Catal. 105, 175 (1987).
Gil-Llambias, F. J., Escudey-Castro, A. M., Lo-
pez Agudo, A., and Garcia-Fierro, J. L., J. Catal.
90, 323 (1984).

Li Wang, and Hall, W. K., J. Catal. 77, 232
(1982).

Caceres, C. V., Fierro, J. L., Lopez Agudo, A.,
Blanco, M. N., and Thomas, H. J., J. Catal. 95,
501 (1985).
Henker, M.,
results.
Fournier, M., Louis, C., Che, M., Chaquin, P.,
and Masure, D., J. Catal. 119, 400 (1989).
Horsley, J. A., Wachs, 1. E., Brown, J. M., Via,
G. H., and Hardcastle, F. D., J. Phys. Chem. 91,
4014 (1987)

Engelhardt, J., Kallo, D., and Zsinka, 1., J. Catal.
88, 317 (1984).

and Grinert, W., unpublished



